Introduction
============

NF-κB transcriptional factors play important roles in regulation of immune and inflammatory responses and protection of cells from apoptosis \[[@b1]--[@b3]\]. The mammalian NF-κB family has five members: NF-κB1 (p105 and p50), NF-κB2 (p100 and p52), RelA (p65), RelB and c-Rel, and the most abundant form is the heterodimer of p65 and p50 \[[@b1], [@b3], [@b4]\]. In unstimulated cells, they are sequestered in cytosol as inactive homo- or hetero-dimers by binding to IκB inhibitory proteins \[[@b3], [@b5]\]. When cells are exposed to various stimuli, IκB is rapidly phosphorylated by a large cytoplasmic IκB kinase (IKK) complex, which consists of the kinase catalytic sub-units IKKα and IKKβ (also known as IKK1 and IKK2) and the essential regulatory sub-unit IKKγ (also known as NEMO) \[[@b6], [@b7]\]. IKKβ is the kinase required for the phosphorylation of IκB, leading to the polyubiquitination by E3-SCF^β-trCP^ ubiquitin ligase complex and subsequent degradation by 26S proteasome \[[@b8]\]. In contrast, IKKα is not required for the IκBα degradation but is involved in the processing of p100 to p52 \[[@b9]\]. These effects induce translocation and activation of NF-κB in the nucleus and activate the transcription of genes related to inflammation and immune responses, cell growth, differentiation, apoptosis and transformation \[[@b10], [@b11]\].

p53 tumour suppressor stands at the crossroads of cellular responses to various stresses \[[@b12]\]. Under normal conditions, p53 is maintained at low level through its interaction with MDM2 \[[@b13], [@b14]\], which mediates ubiquitination and proteasome-dependent degradation of p53. However, in response to DNA damage, both the quantity and activity of p53 are greatly increased. As a transcription factor, p53 can induce expression of many different downstream genes, including *p21*, *GADD45* and *Bax*, to elicit various responses, such as cell-cycle arrest, apoptosis and DNA repair \[[@b15]\]. p53 accumulation and activation are thought to be regulated through post-translational modifications such as phosphorylation, acetylation and ubiquitination. Phosphorylation of p53 usually modulates its stability and sequence-specific DNA-binding activity \[[@b12]\]. For instance, phosphorylation of Ser15, Thr18, Ser20 and Ser37 stabilizes p53 by disrupting interaction between p53 and MDM2 \[[@b16]\], whereas phosphorylations at the p53 C-terminus such as Ser315 and Ser392 are reported to regulate the oligomerization state and sequence-specific DNA-binding ability of p53 \[[@b17]\].

Acquisition of resistance to chemotherapeutic agents has emerged as a significant impediment to effectively treat cancers. Some of the cytotoxicity of chemotherapy is attributed to apoptosis through activation of tumour-suppressor protein p53 \[[@b18]\]. The cell death process is positively and negatively regulated by different pathways, suggesting that modulation of the balance between death and survival signals could provide new strategies to improve the efficacy of current chemotherapeutic regimens. Constitutive activation of NF-κB enables malignant cells to escape apoptosis and might be crucial for the development of drug resistance in cancer cells. Inhibition of NF-κB activation can shift the death-survival balance towards apoptosis. It has been demonstrated that compared with wild-type mouse embryonic fibroblasts (MEFs), *Ikk*α/^β--/--^ MEFs, in which NF-κB activation is inhibited, are more sensitive to anti-cancer agent--induced p53 and cell death \[[@b19]\]. Therefore, blocking the IKK--NF-κB pathway and activating the p53 pathway are promising approaches for developing new anti-cancer therapies.

Here we present a critical role of IKKβ in carcinogenesis. Because IKKβ-dependent NF-κB activation has been proposed to link inflammation and cancers, stable clones with IKKβ mutation of Ser177/Ser181 to AA or Tyr188/Tyr199 to FF, two synthetic α-methylene-γ-butyrolactone derivatives, CYL-19s and CYL-26z with potent inhibitory effect on IKKβ activity \[[@b20]\], and IKKβ siRNA were applied to this study. The cytostatic effect of CYL-19s and CYL-26z on tumour cells was examined. The results showed that loss of IKKβ activity enhances the protein stability of p53, leading to p21 expression, cell cycle arrest and apoptosis.

Materials and methods
=====================

Cell culture and chemicals
--------------------------

A549 human lung carcinoma cells were obtained from ATCC. HCT116 and HCT116 p53^--/--^ human colon carcinoma cells were gifts from Dr. M. W. Van Dyke (M.D. Anderson Cancer Center, Houston, TX). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum (FBS). IKKβ stable transfectants were selected as previously described \[[@b21]\]. CYL-19s and CYL-26z were synthesized \[[@b20]\] and dissolved as stock solution (50 mM) in dimethyl sulfoxide (DMSO).

MTT assay
---------

The cell growth of the four A549/IKKβ stable cells and the cell viability after CYL-19s and CYL-26z treatment were measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) assay. Cells were plated in triplicate in 24-well plates and treated with increasing concentrations of CYL-19s, CYL-26z or drug diluent (DMSO). After 48 hrs of incubation, 0.5 mg/ml of MTT was added to each well for an additional 4 hrs. The blue MTT formazan precipitate was then dissolved in 100 μl of DMSO. The absorbance at 550 nm was measured on a multi-well plate reader. Cell viability was expressed as a percentage of control.

Animal xenograft assay
----------------------

Four- to 6-week-old Female Balb/c nude mice were injected with 10^7^ cells of four A549/IKKβ stable transfectants (suspended in 0.1 ml PBS and mixed with 0.1 ml Matrigel \[BD Biosciences, San Jose, CA\]) in the rear left flank. Mice were observed everyday for 30 days, and tumour growth was measured twice per week with calipers. Tumour volume was calculated using the formula *V* (mm^3^) = 0.52\*\[*ab*^2^\], where *a* is the length and *b* is the width of the tumour. All animal work was performed under protocols approved by the Institutional Animal Care and Use Committee of the College of Medicine, National Taiwan University.

*In vitro* invasion assay
-------------------------

The invasion assay was carried out using Transwell® cell culture chambers (Corning Costar, Cambridge, MA). Briefly, polyvinylpyrrolidone-free polycarbonate filters (8.0 μm pore size, Nuclepore, Pleasanton, CA) were pre-coated with 5 μg of Matrigel on the upper surface. A549/IKKβ stable cells were harvested and then re-suspended in 0.1% FBS/DMEM. Cell suspensions (10^4^ cells) were added to the upper compartment of the chamber. After 24-hr incubation, the top side of the insert membrane was scrubbed free of cells with a cotton swab, and the bottom side was fixed with 3.7% paraformaldehyde, stained with 0.5% crystal violet in 20% methanol. The crystal violet dye retained on the filters was extracted with DMSO and colourimetrically assessed by measuring its absorbance at 590 nm.

*In vivo* metastasis assay
--------------------------

A549/IKKβ stable cells were resuspended in PBS. Subsequently, 5 × 10^6^ cells in 0.1 ml of PBS were injected into the lateral tail vein of 6-week-old nude mice. Mice were killed after 2 weeks, and all organs were examined for metastasis formation. The lungs were removed and fixed in 10% formalin. The number of lung tumour colonies was counted.

Matrigel angiogenesis assay
---------------------------

Angiogenesis inhibition was quantified using a modification of the Matrigel assay. Mice were injected subcutaneously in the abdominal midline with 0.5 ml of Matrigel alone or with 0.5 ml of condition medium from A549/IKKβ stable cells in Matrigel. Matrigel plugs were harvested on day 14, dissolved in Matrisperse at 4°C and assayed for haemoglobin content using Drabkin's reagent (Sigma-Aldrich).

Cell cycle analysis
-------------------

A549 cells were plated in 6-well plates for 24 hrs, and then G0/G1 phase synchronization was achieved by serum-starvation for 72 hrs. Synchronized cells were treated with complete medium containing CYL-19s and CYL-26z (0--10 μM) for 24 hrs. Cell cycle was determined by flow cytometry using a propidium iodide (PI) stain buffer and analyzed on a BD FACSCalibur cytometer with Cellquest software.

Assay for inhibition of \[^3^H\]thymidine incorporation
-------------------------------------------------------

Proliferation of the cells was analyzed by measuring incorporation of \[^3^H\]thymidine. A549 cells were plated in 24-well flat-bottom microtiter plates at a density of 5 × 10^5^ cells/well and cultured in medium containing 0.2% FBS for 72 hrs. Synchronized cells were treated with CYL-26z or CYL-19s for 24 hrs after release from the starvation. The cells were labelled with 1 μCi \[^3^H\]thymidine/well for 4 hrs at 37°C and then harvested on supporting tubes. Each sample was lysed hypotonically, and the radioactivity was measured in a Beckman model 2200 scintillation counter (Beckman, Fullerton, CA).

RNase protection assay
----------------------

Total RNA was extracted from A549 cells using TRI~ZOL~™ reagent (Invitrogen, Carlsbad, CA). A RiboQuant Multi-Probe RNase protection assay (RPA) was performed with the hStress-1, hAPO-3d and hCC-2 biotin-label probe sets (BD Pharmingen, San Diego, CA). The probes were hybridized with 3 μg of RNA, and then samples were digested with RNase to remove single-stranded RNA. Remaining probes were resolved on denaturing 5% polyacrylamide gels.

Immunoblotting and immunofluorescence staining
----------------------------------------------

Following treatment with CYL-26z or CYL-19s, total cell lysates were prepared and subjected to SDS-PAGE. Western blot was done with antibodies specific for HA, Lys373/382 acetylated p53, p53, p21, IKKβ, GAPDH or actin (Santa Cruz, Biotechnology, Santa Cruz, CA) as described previously \[[@b21]\]. For immunofluorescence staining, A549 cells, grown on cover slips, were treated with CYL-19s or CYL-26z for 24 hrs in growth medium. The immunofluorescence staining was performed as described previously \[[@b21]\].

Semi-quantitative RT-PCR assay
------------------------------

Total RNA was isolated from A549 cells using TRI~ZOL~™ reagent. Reverse transcription reaction was performed using 2 μg of total RNA and reverse-transcribed into cDNA using oligo dT primer, and then amplified using two oligonucleotide primers derived from published Noxa, Puma, p53 and β-actin sequence, including 5′-AGAGCTGGAAGTCGAGTGT-3′ and 5′-GCACCTTCACATTCCTCTC3′ (Noxa), 5′-GACCTCAACGCACAGTA-3′ and 5′-CTAATTGGGCTCCATCT-3′ (Puma), 5′-AGACCGGCGCACAGAGGAAG-3′ and 5′-CTTTTTGGACTTCAGGTGGC-3′ (p53) or 5′-TGACGGGGTCACCCACACTGTGCCCATCTA-3′ and 5′-CTAGAAGCATTTGCGGGGACGATGGAGGG-3′ (β-actin). PCR is carried out at 94°C for 30 sec, at 55°C for 30 sec and 1 min. at 70°C for 34 cycles. The PCR products are subjected to 1% agarose gel electrophoresis. Quantitative data are obtained using a computing densitometer and ImageQuant Software (Molecular Dynamics, Sunnyvale, CA).

Luciferase assay
----------------

A549 cells, grown to 50% confluent in 12-well plates, were transfected with the human luciferase (Luc) or p53-Luc using Tfx-50 (Promega, Madison, WI) according to the manufacturer's recommendations. Briefly, reporter DNA (0.4 μg) and β-galactosidase DNA (0.2 μg; plasmid pRK containing the β-galactosidase gene driven by the constitutively active SV40 promoter, used to normalize the transfection efficiency) were mixed with 0.6 μl of Tfx-50 in 1 ml of serum-free DMEM. After 10 to 15 min. of incubation at room temperature, the mixture was applied to the cells; then 1 hr later, 1 ml of complete growth medium was added. On the following day, the medium was replaced with fresh medium. Forty-eight hours after transfection, the cells were treated with CYL-26z or CYL-19s for 6 hrs. Cell extracts were then prepared and luciferase and β-galactosidase activities measured, the luciferase activity being normalized to the β-galactosidase activity.

Chromatin immunoprecipitation assay (ChIP)
------------------------------------------

ChIP analysis was performed as described previously \[[@b22]\]. DNA was amplified across the p53-responsive element 1 (RE1) or RE2 region in the p21 promoter using the primers ^−2312^CAGGCTGTGGCTCTGATGG^−2292^ and ^−2131^TTCAGAGTAACAGGCTAAGG^−2151^ (p53RE1), and ^−1490^GGTCTGCTACTGTGTCCTCC^−1470^ and ^−1279^TATTGTGGGGCTGTTCTGGA^−1299^ (p53RE2).

siRNA knockdown analysis
------------------------

IKKβ SMARTpool siRNA (Dharmacon, Lafayette, CO) was transfected with Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's instructions. Briefly, 50% confluent cells in 6-cm dishes were transfected with 200 pmol siRNA in 2 ml of serum-free medium for 6 hrs at 37°C. Then, 2 ml of medium containing 20% FBS was added to the transfection mixture. After 24 hrs, cells were treated with 5 μM CYL-19s and CYL-26z for another 24 hrs. The cells were lysed and the protein expression was analyzed by Western blot.

Statistical analysis
--------------------

Data were analyzed using Student's t-test. *P*-values \<0.05 were considered significant.

Results
=======

Cell proliferation, tumour formation, invasion, metastasis and angiogenesis induced by A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) alveolar epithelial cells
---------------------------------------------------------------------------------------------------------------------------------------------------------------

IKKβ plays a major role in the activation of classical NF-κB pathway. It has been well established that IKKβ activation requires phosphorylation of Ser177 and Ser181 in its activation loop \[[@b23]\]. In addition to these sites, phosphorylation of IKKβ at Tyr188 and Tyr199 were also identified to be crucial for NF-κB activation \[[@b24], [@b25]\]. Which sites play a more important role in the activation of NF-κB and their role in carcinogenesis remain unclear. To address these questions, HA-tagged IKKβ WT and two kinase-deficient IKKβ(AA) and IKKβ(FF) mutants, whose Ser177/Ser181 and Tyr188/Tyr199 were substituted with Ala and Phe, respectively, were used to establish stable transfectants in A549 cells, named as A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF), for cell proliferation, tumour formation, invasion, metastasis and angiogenesis assays. Expression of HA tag in A549 cells were confirmed by Western blot ([Fig. 1A](#fig01){ref-type="fig"}). A549/IKKβ(WT) cells showed a greater growth rate than A549/IKKβ(Mock) cells; however, A549/IKKβ(AA) and A549/IKKβ(FF) cells showed slower growth rate than that of A549/IKKβ(WT) cells ([Fig. 1B](#fig01){ref-type="fig"}). To further investigate the tumour formation, A549/Mock, A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) cells were introduced into nude mice *via* subcutaneous administration. As shown in [Fig. 1C](#fig01){ref-type="fig"}, tumour formation was seen in mice bearing A549/IKKβ(WT) cells 30 days after injection, but was not seen in mice bearing A549/Mock, A549/IKKβ(AA) and A549/IKKβ(FF) cells. The invasive capacity of A549/IKKβ(WT) cells across Matrigel was greater than that of A549/Mock cells, but that was lower in A549/IKKβ(AA) and A549/IKKβ(FF) cells ([Fig. 1D](#fig01){ref-type="fig"}). The role of IKKβ in metastatic colonization was assessed by intravenous injection of stable clone cells into the lateral tail vein of nude mice. Mice injected with A549/IKKβ(WT) cells had numerous large lung metastatic nodules, whereas those injected with A549/IKKβ(AA) and A549/IKKβ(FF) cells had fewer and smaller nodules ([Fig. 1E](#fig01){ref-type="fig"}). These results suggest that loss of IKKβ activity was a negative regulator in tumourigenesis. We further asked whether loss of IKKβ activity reduced angiogenesis *in vivo*. Matrigels in conjunction with medium from stable cells were subcutaneously injected into nude mice. The solid gel plug was removed from the mice for haemoglobin examination. As shown in [Fig. 1F](#fig01){ref-type="fig"}, the haemoglobin concentration within Matrigel mixed with condition medium from A549/IKKβ(WT) cells was greater than that from A549/Mock cells, but the haemoglobin concentration was lower within Matrigel with medium from A549/IKKβ(AA) and A549/IKKβ(FF) cells. Taken together, these results indicated that these serine and tyrosine phosphorylations in the activation loop are equally important for IKKβ-mediated tumour proliferation, invasion, metastasis and angiogenesis and that inhibition of IKKβ activity may be a promising anti-cancer strategy.

![Effects of IKKβ mutation on cell proliferation, tumour formation, invasion, metastasis and angiogenesis. (A) Whole-cell lysates from A549/Mock, A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) cells were prepared and subjected to immunoblotting using antibody specific for HA or actin. (B) The proliferation of A549/Mock, A549/ IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) cells was measured by MTT assay from day 1 to day 5. (C) A549/Mock, A549/IKKβ(WT), A549/ IKKβ(AA) and A549/IKKβ(FF) cells were xenotransplanted into the right hip region of nude mice as described in the Materials and Methods. The tumour volume was calculated by *V*= 0.52× (the length of width)^2^× (the length of length). (D) A549/Mock, A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) cells were incubated on transwell culture inserts coated with Matrigel and the invasion activity was measured at the absorbance of 590 nm. Quantitative results of different stable clone cells were present as fold by comparing with the A549/IKKβ(Mock). ^\#^*P* \< 0.05 as compared with Mock. \**P* \< 0.05 as compared with A549/IKKβ(WT). (E) A549/Mock, A549/IKKβ(WT), A549/IKKβ(AA) and A549/IKKβ(FF) cells were intravenously introduced into nude mice for 14 days. The mice were sacrificed and lungs were removed and photographed. Quantitative results of tumour nodules on the lung surface were counted and statistically analyzed. ^\#^*P* \< 0.05 as compared with Mock. \**P* \< 0.05 as compared with A549/IKKβ(WT). (F) Matrigel angiogenesis assay was conducted by injecting conditional medium (CM) mixed Matrigel into nude mice. After 7 days, the mice were killed and dissected. The haemoglobin levels of the Matrigel plugs were measured with the Drabkin reagent kit 525. ^\#^*P* \< 0.05 as compared with Mock. \**P* \< 0.05 as compared with A549/IKKβ(WT).](jcmm0014-0687-f1){#fig01}

IKKβ inhibitors induced cell cycle arrest and apoptosis
-------------------------------------------------------

Blocking cell cycle progression is a strategy for cancer treatment. More and more cytotoxic drugs have been shown to cause cell death, at least partially by inducing cell cycle arrest or apoptosis \[[@b26], [@b27]\]. To study whether the anti-tumour activity by loss of IKKβ was achieved through the influence of cell cycle progression, pharmacologic IKK inhibitors were further used in cell cycle analysis. Two potent and specific IKKβ inhibitors, the synthetic α-methylene-γ-butyrolactone derivatives-CYL-19s and CYL-26z, were developed and demonstrated to possess potent inhibitory effect on cancer cell invasion in our previous study \[[@b20]\]. These two compounds were used for the further study of the molecular events elicited by loss of IKKβ activity. A549 cells synchronized at G1 phase by serum starvation for 3 days were treated with completed medium containing 0.1% DMSO or 1, 5, 10 μM of these two compounds for 24 hrs. As shown in [Fig. 2A](#fig02){ref-type="fig"}, about 21% of the cells entered S and G2/M phase, respectively, after serum replenishment, and these effects were inhibited by CYL-19s and CYL-26z in a dose-dependent manner, indicating that CYL compounds block G1/S transition. The result from \[^3^H\]thymidine incorporation also showed the inhibition of serum-induced DNA synthesis by CYL-19s and CYL-26z dose dependently ([Fig. 2B](#fig02){ref-type="fig"}), supporting their effects on cell cycle arrest. When asynchronous cells were treated with 5 μM of CYL compounds for 24 and 48 hrs, these two compounds dramatically induced the fraction of sub-G1 cells with slight increase in G2/M phase ([Fig. 2C](#fig02){ref-type="fig"}), indicating that IKKβ inhibition induced not only cell cycle arrest but also apoptosis. These anti-tumour properties of CYL-19s and CYL-26z were further confirmed by MTT assay. CYL-19s and CYL-26z markedly inhibited the cell growth in a dose-dependent manner. The respective growth inhibition was 20, 24, 64, 83 and 84% induced by 1, 3, 10, 30 and 50 μM of CYL-19s. An equivalent effect was seen by CYL-26z ([Fig. 2D](#fig02){ref-type="fig"}). Altogether, these findings revealed that inhibition of IKKβ by CYL-19s and CYL-26z exhibit anti-tumour activity *via* induction of cell cycle arrest at both G1 and G2/M phase, inhibition of DNA synthesis and initiation of apoptosis.

![Effects of IKKβ inhibitors on cell cycle progression and DNA synthesis in A549 epithelial cells. (A) Cells were synchronized at G1 phase by serum starvation for 3 days and then treated with 1, 5, 10 μM CYL-19s or CYL-26z for 24 hrs. Then, cells were harvested and analyzed by flow cytometry. (B) For measuring the effect of CYL-19s and CYL-26z on DNA synthesis, cells were labelled with \[^3^H\]-thymidine for 8 hrs. Then, the cells were harvested and radioactivity was measured as described in Materials and Methods. \**P* \< 005 as compared with basal. (C) Cells were treated with 5 μM CYL-19s or CYL-26z for 24 and 48 hrs. Then, cells were harvested and analyzed by flow cytometry. (D) A549 cells were treated with various concentrations of CYL-19s and CYL-26z for 48 hrs. The cell viability was measured by MTT assay. \**P* \< 0.05, \*\**P* \< 0.01 as compared with basal.](jcmm0014-0687-f2){#fig02}

IKKβ inhibitors increased the level of p21
------------------------------------------

To characterize which gene related to cell cycle and apoptosis was regulated by CYL-19s and CYL-26z, RPA was performed. As shown in [Fig. 3A](#fig03){ref-type="fig"}, CYL-19s and CYL-26z induced *p21*, *Bax* and *DR5* mRNA expression but had no effect on *p53* mRNA expression. We also analyzed the mRNA levels of pro-apoptotic Bcl-2 family genes, *Noxa* and *Puma*, which are reported to be p53 target genes \[[@b28]\]. Their expression was not induced by the treatment with 5 μM CYL-19s and CYL-26z ([Fig. 3B](#fig03){ref-type="fig"}). The increase in p21 protein expression was confirmed by Western blot. The expression of p21 was enhanced by CYL-19s or CYL-26z in a dose- and time-dependent manner ([Fig. 3C--E](#fig03){ref-type="fig"}).

![IKKβ inhibitors stimulate p21 expression in A549 epithelial cells. (A) RNase-protected probes hybridized with total RNA from A549 cells treated with 5 μM CYL-19s and CYL-26z for 24 hrs were subjected to RNase protection assay (RPA) as described in Materials and Methods, GADPH and L32 were shown as internal controls. (B) Cells were treated with 5 μM CYL-19s and CYL-26z for 24 and 48 hrs, and then mRNA were prepared and subjected to RT-PCR. For p21 protein expression, cells were treated with indicated concentration of CYL-19s and CYL-26z for 24 hrs (C), or with 10 μM CYL-19s and CYL-26z for indicated time (D and E). Whole-cell lysates were subjected to immunoblotting using antibody specific for p21 or actin.](jcmm0014-0687-f3){#fig03}

p21 is a well-known target of p53. To determine whether p53 is responsible for the CYL-19s- and CYL-26z-induced p21 expression, p21 constructs (illustrated as [Fig. 4A](#fig04){ref-type="fig"}) were transiently transfected into A549 cells. Both CYL-19s- and CYL-26z induced the p21 promoter activity by about 2.5-fold, and these effects were abolished once p53-responsive element 1 (p53RE1) on p21 promoter was deleted ([Fig. 4B](#fig04){ref-type="fig"}). Knockdown of IKKβ by siRNA also increased p21 promoter activity ([Fig. 4C](#fig04){ref-type="fig"}), demonstrating that loss of IKKβ induced p21 expression. To confirm the role of p53 in CYL compound-induced p21 expression, the p21 protein level was further examined in CYL compound-treated HCT116 wild-type (wt) and p53^--/--^ cells. CYL-19s and CYL-26z can induce p21 expression in HCT116 wt cells, but the effect was not observed in HCT116 p53^--/--^ cells ([Fig. 4D](#fig04){ref-type="fig"}), confirming the induction of p21 expression through a p53-dependent pathway. p53 transactivation is correlated with its DNA-binding activity, therefore, effect of CYL-19s and CYL-26z on the recruitment of p53 to p21 promoter was examined by chromatin immunoprecipitation (ChIP) assay. As shown in [Fig. 4E](#fig04){ref-type="fig"}, the binding of p53 to two responsive elements on p21 promoter (p53RE1 and p53RE2) was enhanced by CYL-19s and CYL-26z in a time-dependent manner. Therefore, our results revealed that these IKKβ inhibitors induced p21 expression in a p53-dependent manner. Interestingly, the increased level of p53 protein was also observed in the CYL-19s and CYL-26z-treated HCT116 wt cells. Since the result from RPA revealed treatment of these two compounds did not affect p53 mRNA level ([Fig. 3A](#fig03){ref-type="fig"}), it is suggested that inhibition of IKKβ may increase p53 expression at post-translational level.

![IKKβ inhibitors-induced p21 expression required the p53. (A) Schematic illustration of various transcription factor binding sites on p21-Luc promoter. The p53-responsive element 1 (p53RE1)-deleted mutant was illustrated and referred as p21 promoter del-p53RE1. The targeting sites of primers used in ChIP assay were also indicated. (B) A549 cells were transfected with p21 promoter-Luc reporter (wild-type \[wt\] or its p53-deleted mutant), and then treated with 10 μM CYL-19s and CYL-26z for 24 hrs. Luciferase activity was measured, normalized with β-galactosidase activity and expressed as the mean S.E.M. of three independent experiments performed in triplicate. \**P* \< 0.05 as compared with wt promoter. (C) A549 cells were transfected with IKKβ siRNA and p21 promoter-Luc reporter (wt or its p53-deleted mutant). Then, luciferase activity was measured, normalized with β-galactosidase activity and expressed as the mean S.E.M. of three independent experiments performed in triplicate. \**P* \< 0.05 as compared with Mock. (D) HCT116 wt or HCT116 p53^--/--^ cells were treated with 5 μM CYL-19s and CYL-26z. Whole-cell lysates were examined by anti-p21 or anti-p53 antibody. (E) A549 cells were treated with 10 μM CYL-19s and CYL-26z for the indicated times, and then ChIP assays were performed. Chromatin was immunoprecipitated with anti-p53 antibody or without antibody (control). One percent of the precipitated chromatin was assayed to verify equal loading (Input). Five-fold dilution was subjected to PCR using primer to the p21 promoter (--2312/--2131 and --1490/--1279).](jcmm0014-0687-f4){#fig04}

IKKβ inhibitors increased the stability and activity of p53
-----------------------------------------------------------

To further confirm the level of p53 transcript was not affected in the presence of CYL-19s and CYL-26z, a semi-quantitative RT-PCR assay was performed to examine the p53 mRNA in A549 cells. In consistence with the result from RPA, the level of p53 mRNA was not significantly affected in both CYL-19s- and CYL-26z-treated A549 cells ([Fig. 5A](#fig05){ref-type="fig"}). However, an increase in protein expression of p53 indeed was seen in response to CYL-19s and CYL-26z stimulation after a 4-hr treatment and sustained for 24 hrs ([Fig. 5B](#fig05){ref-type="fig"}). Furthermore, the promoter activity using a p53-responsive promoter-luciferase plasmid (p53-Luc) was also activated by CYL-19s and CYL-26z ([Fig. 5C](#fig05){ref-type="fig"}). To further confirm inhibition of IKKβ-induced p53 and p21 expression, siRNA was used to knockdown IKKβ. As shown in [Fig. 5D](#fig05){ref-type="fig"}, the protein expression of p53 and p21 was enhanced by IKKβ siRNA, and CYL-19s and CYL-26z-induced p53 and p21 expression were augmented by IKKβ siRNA as well.

![IKKβ inhibitors increase the level and activity of p53. (A) Cells were treated with 5 μM CYL-19s or CYL-26z for the indicated time, and then mRNA were prepared and subjected to RT-PCR. (B) A549 cells were treated with 10 μM CYL-19s or CYL-26z for the indicated time. Whole-cell lysates were subjected to immunoblotting using antibody specific for p53 or actin. (C) A549 cells were transfected with p53 responsive-Luc reporter (p53-Luc) then treated with 5 μM CYL-19s and CYL-26z for 24 hrs or exposed to 50 J/m^2^ UV (as positive control). Luciferase activity was measured, normalized with β-galactosidase activity and expressed as the mean S.E.M. of three independent experiments performed in triplicate. \**P* \< 0.05 as compared with basal. (D) A549 cells were transfected with IKKβ siRNA then treated with 5 μM CYL-19s or CYL-26z for 24 hrs. Whole-cell lysates were subjected to immunoblotting using antibody specific for IKKβ, p53, p21 or GAPDH.](jcmm0014-0687-f5){#fig05}

To explore whether CYL-19s and CYL-26z can modulate p53 turnover, its decay rate was examined. After treatment with CYL-19s and CYL-26z for 4 hrs, cells were treated with cycloheximide (CHX) for the indicated time. As shown in [Fig. 6A](#fig06){ref-type="fig"}, the degradation of p53 was greatly reduced in the presence of CYL-19s and CYL-26z. Knockdown of IKKβ by siRNA also increased p53 stability ([Fig. 6B](#fig06){ref-type="fig"}). Thus, CYL-19s and CYL-26z-mediated p53 activation resulted from the decrease in its degradation. The accumulation of p53 in the nucleus was also seen using an immunofluorescence assay ([Fig. 6C](#fig06){ref-type="fig"}). Post-translational modification of p53 such as phosphorylation and acetylation at the C-terminal is closely related to its stabilization and transcriptional activation \[[@b29]\]. Our data also showed that the acetylation of p53 on Lys373/382 in either the nucleus or total cell lysates (TCL) was seen upon CYL-19s and CYL-26z stimulation ([Fig. 6D](#fig06){ref-type="fig"}), suggesting that inhibition of IKKβ may increase p53 protein stability through these post-translational modification.

![IKKβ inhibitors increase the stability of p53. (A) Cells were treated with CYL-19s or CYL-26z for 4 hrs, and then cells were treated with 500 nM CHX and harvested at the indicated time periods. Whole-cell lysates were subjected to immunoblotting using antibody against p53 or actin. p53 expression normalized with actin was quantified using ImageQuant and the p53 remaining is indicated graphically. (B) A549 cells were transfected with IKKβ siRNA then treated with 500 nM CHX. Cells were harvested at the indicated time periods. Whole-cell lysates were subjected to immunoblotting using antibody against p53 or GAPDH. p53 expression normalized with GAPDH was quantified using ImageQuant and the p53 remaining is indicated graphically. (C) Cells for p53 immunofluorescence staining were fixed and stained as described in Materials and Methods. (D) Cells were treated with 10 μM CYL-19s or CYL-26z for 24 hrs, and then nuclear extracts or total cell lysates were prepared and subjected to immunoblotting using antibody against acetyl-p53 (Lys373/382), p53, H3 or actin.](jcmm0014-0687-f6){#fig06}

IKKβ inhibitors exhibit p53-dependent anti-tumour activity
----------------------------------------------------------

To further confirm the role of p53 and p21 in the anti-tumour effect of CYL-19s and CYL-26z, HCT116 WT, p53^--/--^ and p21^--/--^ cells were treated with different concentrations (1, 5 and 10 μM) of CYL-19s and CYL-26z for 3 days, and the cell viability was determined by MTT assay. The cell viability in HCT116 wt cells was inhibited by these two compounds dose dependently ([Fig. 7A](#fig07){ref-type="fig"}). Cells with p53 deficiency were more resistant to CYL-19s- and CYL-26z-induced decrease in cell viability, which was correlated with the decrease in subG1 fraction in p53^--/--^ cells ([Fig. 7A and B](#fig07){ref-type="fig"}). However, the decreased cell viability in p21^--/--^ cells was not recovered ([Fig. 7A](#fig07){ref-type="fig"}), because CYL compounds accumulated more cells at subG1 (CYL-19s-treated cells; 16.9--29.6%) or G2/M phase (CYL-26z-treated cells; 34.2--56.4%) ([Fig. 7B](#fig07){ref-type="fig"}). These findings revealed that the anti-tumour activity of CYL-19s and CYL-26z acts *via* p53-dependent but p21-independent apoptosis.

![IKKβ inhibitors induce p53-dependent cytotoxicity. (A) HCT116 wild-type (WT), p53^--/--^ and p21^--/--^ cells plated at a density of 5 × 10^3^ cells/well in a 96-well plate were treated with 1, 5 or 10 μM for 3 days. MTT assay was performed and absorbance was measured at 550 nm. ^\#^*P* \< 0.05, compared with basal; \**P* \< 0.05, compared with wild-type cells. (B) HCT116 WT, p53^--/--^ and p21^--/--^ cells were cultured in 6-cm dish and treated with 5 μM CYL-19s and CYL-26z for 24 hrs. Cells were harvested and examined by flow cytometry as described in Materials and Methods.](jcmm0014-0687-f7){#fig07}

Discussion
==========

NF-κB is a major link between inflammation and cancers \[[@b30]\]. The association of NF-κB activation with tumour promotion, progression and metastasis is well documented in several mouse models \[[@b31], [@b32]\]. Selectively targeting IKKβ is an effective approach to inhibit NF-κB activity because IKKβ plays a major role in the canonical pathway. Thus, unwanted side effects related to inhibition of the non-canonical pathway, such as adaptive immunity, can be avoided \[[@b33]\]. In the present study, we used A549 cells over-expressing IKKβ(WT), IKKβ(AA) and IKKβ(FF) to investigate the role of IKKβ in tumourigenesis, including proliferation, tumour formation, invasion, metastasis and angiogenesis. We found that A549/IKKβ(AA) and A549/IKKβ(FF) cells, specifically lacking IKKβ activity, are able to abrogate tumour promotion. Our previous studies propose that both phosphorylation of Ser177/Ser181 and Tyr188/Tyr199 are required for full activation and biological functions of IKKβ\[[@b24], [@b25]\]. Here, we demonstrated that mutation of Ser177/Ser181 to AA and Tyr188/Tyr199 to FF showed similar effect to abrogate tumour promotion ([Fig. 1](#fig01){ref-type="fig"}). These results suggest that IKKβ plays an important role in tumourigenesis, and both Ser177/Ser181 and Tyr188/Tyr199 phosphorylation sites are required and equally contribute to the oncogenic activity of IKKβ. To clarify the molecular mechanism(s), specific IKKβ inhibitors, CYL-19s and CYL-26z, and IKKβ siRNA were used for further investigation. We have previously found that CYL-19s and CYL-26z suppress inflammation and cancer cell invasion through inhibition of IKKβ activity \[[@b20]\]. Now we have found that inhibition of IKKβ by these inhibitors or siRNA enhances p53 acetylation, stabilization and nuclear accumulation, leads to p21 expression, cell cycle arrest, apoptosis and decreased cell viability.

Human cancers arise from an imbalance of cell growth and cell death. NF-κB and p53 are the key proteins to govern this balance. Inactivation of p53 and hyperactivation of NF-κB is a common occurrence in human cancers. Thus, bi-targeted anti-cancer drugs that simultaneously activate p53 and inhibit NF-κB are evolving attractive strategy. Recent results suggest that a surprising selection of small molecules have this desirable dual activity \[[@b34]\]. For example, quinacrine, an anti-malarial drug, and other derivatives of 9-aminoacridine are found to simultaneously repress NF-κB and activate p53 in renal cell carcinoma \[[@b35]\]. In the present study, IKKβ inhibitors (CYL-19s and CYL-26z) or knockdown of IKKβ by siRNA increased the p53 expression and stability. How CYL-19s and CYL-26z function to target both pathways is unclear. Our recent results demonstrated that IKKα tips the balance between NF-κB and p53 through phosphorylation of CBP \[[@b36]\], because p65 and p53 negatively regulate each other's activity by competing for the limiting pool of coactivator p300 or CBP, which are required for transactivation \[[@b36], [@b37]\]. Since CYL-19s and CYL-26z blunted the nuclear translocation of NF-κB and increased p53, this might favour the interaction of CBP with p53. We found the increase in p53 acetylation after treatment with CYL-19s and CYL-26z, suggesting that enhanced interaction between CBP and p53 might occur. Therefore, CYL-19s and CYL-26z could block the NF-κB-induced survival signals and shift the balance in the favour of p53-mediated death signals. Indeed, CYL-19s and CYL-26z down-regulated the expression of NF-κB-regulated genes involved in invasion (*e.g. ICAM-1*, *COX-2*) \[[@b20]\], and up-regulated the expression of p53-regulated genes involved in cell cycle arrest (*e.g. p21*) and apoptosis (*e.g. Bax* and *DR5*) ([Fig. 3A](#fig03){ref-type="fig"}). They also induced cytotoxic effect in HT-29 colon cancer cells through the increase of Bax and decrease of Bcl-2 expression (data not shown).

IKKβ has been reported to increase the levels of MDM2, thereby negatively regulating p53 stability \[[@b19]\]. Bcl-3, a member of IκB family, is shown to interact with NF-κB p50 and p52 homodimers to promote the transcriptional activity of NF-κB \[[@b38], [@b39]\]. Similar to IKKβ, Bcl-3 is also shown to induce MDM2 gene expression and the subsequent suppression of p53 activity \[[@b40]\]. It is possible that loss of IKKβ negatively regulated MDM2 and then stabilized p53 expression \[[@b19]\]. However, a number of reports showed the increase of p53 transcription and stability by activated NF-κB, which can induce the expression of *p53 via*κB sites in its promoter \[[@b41]--[@b44]\]. Therefore, it needs to be investigated why loss or activation of NF-κB can increase p53 stability. It has been proposed that basal NF-κB activity is important for cell survival under normal conditions. However, in the presence of DNA damage, NF-κB stabilizes p53 and therefore serves an acute pro-apoptotic function \[[@b45], [@b46]\]. Indeed, NF-κB has been reported to exert both pro-apoptotic and anti-apoptotic activities \[[@b47]\].

Diverse stresses activate p53 by post-translational modifications and nuclear accumulation, contributing to the apoptotic activity of p53 in several cancer cells. Among post-translational modifications, ubiquitination, phosphorylation and acetylation mostly affect its overall appearance and activity \[[@b12]\]. Recent findings suggest that these modifications have a profound effect on p53 stability and function. Phosphorylation of Ser392 stabilizes the formation of p53 tetramer, which is critical for enhancement of DNA binding and activating gene transcription \[[@b48], [@b49]\]. Phosphorylation of p53 on serines 15 and 20 at the N-terminus and acetylation on lysines 373 and 382 at the C-terminus attenuate its interaction with MDM2, which possesses E3 ligase activity to induce p53 ubiquitination and degradation \[[@b29]\]. Moreover, p53 acetylation stimulates its DNA-binding activity *in vivo* and promotes apoptosis \[[@b50]\]. Our results showed that CYL-19s- and CYL-26z-enhanced p53 expression and nuclear accumulation were consistent with the nuclear p53 Lys373/382 acetylation. Thus, post-translational modification and subsequent stabilization of p53 by IKKβ inhibitors may explain the ability of CYL-19s and CYL-26z to activate p21 transcription. Our data indicated that CYL-19s- and CYL-26z-induced p21 expression was not seen in HCT116 p53^--/--^ cells ([Fig. 4C](#fig04){ref-type="fig"}), and p21 promoter activity induced by CYL compounds was abolished when p53-responsive element 1 (p53RE1) was deleted ([Fig. 4B](#fig04){ref-type="fig"}). These findings demonstrated that p53 was the most important regulator of CYL-19s- and CYL-26z-induced p21 expression, although other factors such as Sp1/Sp3 and Smads have also been reported to be critical for the p21 transcription \[[@b51]\]. Interestingly, it was observed that CYL compounds were able to enhance p53 expression in the absence of IKKβ ([Fig. 5D](#fig05){ref-type="fig"}), raising the possibility that several mechanisms other than targeting IKKβ might be involved. Our previous study showed that CYL compounds can also attenuate the TNF-α-induced complex formation of IKKα/CBP/p65 but increase the interaction between CBP and p53 \[[@b36]\], implying that the CYL compound may also inhibit IKKα and thereby enhance the interaction between CBP and p53. The results that CYL compounds can induce p53 acetylation further supports this notion ([Fig. 6D](#fig06){ref-type="fig"}). However, it still does not rule out the possibility that they might also directly activate the p53 pathway. This can explain why either CYL-19s or CYL-26z alone is more potent than IKKβ siRNA to induce p21. Therefore, CYL-19s and CYL-26z could simultaneously target NF-κB and p53 pathways.

The α-methylene-γ-butyrolactone compounds are electrophilic and apt to react with biological nucleophiles such as the sulfhydryl group of GSH, proteins and DNA \[[@b52]\]. In the present study, we studied the cytostatic effects of these two novel compounds CYL-26z and CYL-19s. They decreased the viability of lung adenocarcinoma *via* inducing cell cycle arrest and apoptosis. Several bioactive natural products and synthetic chemicals possessing this moiety have been reported to exhibit a diverse range of biological activities, including inhibition of fatty acid metabolism, inflammation and cell proliferation \[[@b53], [@b54]\]. The α-methylene-γ-butyrolactone derivatives such as C75, parthenolide and some sesquiterpenes have remarkable *in vitro* and *in vivo* anti-cancer properties against a wide range of tumour cells \[[@b55], [@b56]\]. A complete understanding of the molecular mechanism(s) involved in the cell cycle arrest and apoptosis driven by α-methylene-γ-butyrolactone derivatives may be important for devising better strategies for cancer therapy.

In summary, our results support that loss of IKKβ activity can be viewed as a critical target for cancer therapy. To our knowledge, this is the first report demonstrating that inhibition of NF-κB activity enhances p53 acetylation, stabilization and nuclear accumulation, leading to p21 expression, and cell cycle arrest and apoptosis of tumour cells. Importantly, the ability to simultaneously inhibit NF-κB and activate p53 makes CYL-19s and CYL-26z potentially useful for treating cancers.
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